Abstract: An Yb:YAG thin-disk multipass laser amplifier system was developed operating in a 10 Hz burst operation mode with 800 µs burst duration and 100 kHz intra-burst repetition rate. Methods for the suppression of parasitic amplified spontaneous emission are presented. The average output pulse energy is up to 44.5 mJ and 820 fs compressed pulse duration. The average power of 4.45 kW during the burst is the highest reported for this type of amplifier.
Introduction
High repetition rate ultrashort pulse laser systems are essential in many fields of modern physics, for example, high harmonic generation [1] , attosecond metrology [2] , frequency comb spectroscopy [3] and coherent control [4] . A special subset of applications requires high repetition rate bursts of pulses such as materials processing [5] and laser applications at freeelectron lasers (FEL) [6] ; most important is the long term stability of operation. Among the possible applications at FELs, pump-probe laser systems [7] require high pulse energies at high repetition rates, high stability of the system and ultrashort pulse durations. Laser amplifiers with similar parameters can also be used as a high harmonic generation (HHG) driver for direct FEL XUV seeding [8] . The system described here is part of a planned seed laser system for FLASH2 [9] . The parameters desired are pulse energies of up to 2 mJ at burst repetition rates of 100 kHz to 1 MHz with pulse durations below 10 fs. A promising way to achieve these parameters is optical parametric chirped-pulse amplification (OPCPA) [10] . OPCPA has emerged as a powerful tool for the generation of ultrashort few-cycle laser pulses. So far, few-optical-cycle amplifiers with mJ-level output pulse energy have only been demonstrated at repetition rates of a few kHz [11] . Recent studies on a fiber pumped OPCPA system have reached pulse energies of tens of µJ with sub-10 fs pulse durations at a repetition rate of 96 kHz [12] and 5.6 fs at 30 kHz [13] . Different approaches are possible for the realization of high power pump sources for OPCPA systems. Multiple fiber CPA systems can be coherently combined to increase the output pulse energy as shown in ref [14] . To further increase the pulse energy from fiber based sources, hybrid systems with a fiber amplifier in combination with a solid-state laser amplifier are under investigation [15] . Recent results have shown the possibility to generate pulses with 20 mJ pulse energy at a repetition rate of 12.5 kHz with an Yb:YAG Innoslab amplifier [16] combined with a fiber amplifier system [17] . Another promising technique to achieve high pulse energies at high repetition rates is the use of an Yb:YAG thin-disk amplifier [18] in multipass configuration [19] , also with a fiber amplifier front-end system.
In this paper we explore two different setups for the amplification of laser pulses to tens of millijoules. In the first approach, a fiber amplification system was used to generate the seed for an Yb:YAG thin-disk multipass amplifier. In the second approach, a combined fiber and Yb:YAG Innoslab amplifier was used to seed the thin-disk amplifier with a higher energy.
Experimental setup
A schematic overview of the experimental setup is shown in Fig. 1a . The seeder of the amplification system delivers a power of 1.9 mW at a pulse repetition rate of 2 MHz. These pulses are stretched in an Öffner-type stretcher to a pulse duration of 2.27 ns FWHM, and then coupled into a three stage fiber amplification chain consisting of a fiber preamplifier and two large-mode-area photonic crystal fiber amplifiers. The spectral width of the amplifier output is 6.8 nm FWHM. The repetition rate is set by two acusto-optic modulators (AOM), one AOM to reduce the repetition rate to 100 kHz and a second AOM to generate a 10 Hz burst of pulses (80 pulses per burst with 800 µs burst duration). The 375 µJ pulses resulting from this system are coupled into a thin-disk multipass amplifier for further amplification. The multipass geometry of the Yb:YAG thin-disk amplifier allows for 30 passes through the disk. Another possibility to generate the seed for the thin-disk amplifier is to further amplify the pulses provided by the fiber amplifier setup with an Yb:YAG Innoslab amplifier, delivering pulse energies of up to 5 mJ. A schematic of the thin-disk amplifier is presented in Fig. 1b . The diode laser pump produced by 6 diode bars (λ diode = 940 nm) with a total nominal pumping power of 10 kW is coupled onto the disk by a collimation optic and then folded 24 times through the amplification medium by a parabolic mirror and retro reflecting prisms (Trumpf Laser GmbH). The pump spot diameter on the disk with a uniform super Gaussian shaped beam profile can be changed between 9.6 mm and 7.35 mm FWHM by changing the collimation optics. The amplification medium is a 360 µm thick Yb:YAG disk with a diameter of 17 mm, a radius of curvature of 20 m and a doping concentration of 7%. It is soldered onto a heat sink cooled to a temperature of 20°C. The seed multipass geometry consists of 29 mirrors in an array for folding the beam on the amplifier medium and 16 folding mirrors to project onto a new beam path after every pass on the disk. Partly defocussing (R oc = 8 m) and plane mirrors are used to counteract the divergence of the beam introduced by the 20 m radius of curvature of the thin disk. The distance between the disk and the mirror array is 1.5 m. A total of 15 passes can be realized, an additional 15 passes (total 30) can be achieved by returning the beam back through the multipass amplifier. A quarter-wave plate to rotate the polarization of the amplified beam and a thin-film polarizer are used to extract the beam from the amplifier.
The thin-disk multipass amplifier is primarily designed to be operated in a 10 Hz burstmode as a pump amplifier for a seeding laser for FLASH2 [9] but can also be used with an increased burst repetition rate or for continuous operation with similar parameters. For this, modification of the multipass defocusing mirrors would be necessary, taking into account the increased thermal lensing of the thin disk introduced by cw-pumping. The burst-mode was extensively investigated to optimize the shape of the pulse train, the maximal amplification factor and the stability of the amplifier.
Experimental results
The amplification medium is pumped by the pumping diodes in a pulsed operation mode with a pump pulse duration of 1.3 ms. The delay between pump and seed pulse burst from the fiber amplifier is set to 150 µs. Due to the duty cycle of the pumping diodes, the nominal diode current of 200 A, corresponding to 10 kW pumping power, can be exceeded. A maximal pumping energy of 16 J (pumping power of 12.4 kW) during the burst is used in the experiment. Fig. 2 . Suppression of ASE during the amplification process: a) Gain curve for a 9.6 mm pump spot (black), gain curve for a reduced 7.35 mm pump spot (red), gain curve for a beveled disk and 7.35mm pump spot (blue). b) Optical to optical conversion efficiency for the beveled disk.
The development of the amplifier proves to be difficult due to parasitic amplified spontaneous emission (ASE), which limits the achievable total amplification. In the first approach, a diode pump spot diameter of 9.6 mm FWHM is used. As described in ref [19] , ring type and transversal ASE modes develop in the amplification medium during the amplification process. These optical ASE modes are back reflected through total internal reflection at the boundaries of the disk and further amplified provided that the reflected ASE photons pass through the pumped volume. In our system, this causes depletion of the inversion by ASE, clearly visible in Fig. 2a (black line) , where the amplified pulse energy reaches a maximum already at a pump pulse energy of 3.5 J (2.7 kW diode pump power). The pump spot diameter is reduced to 7.35 mm to reduce the coupling between the pump spot area and the back-reflected ASE photons, which results in a trifold gain increase (Fig. 2a, red line) . Still, further amplification saturates at around 6 J of pump energy (4.6 kW diode pump power). The second approach to overcome the ASE is to use a disk with beveled boundaries, which suppresses back reflection of the ASE photons. Figure 2a (blue line) shows the amplification of the seed depending on the pump energy (gain curve) where ASE is suppressed and the full diode pump power (12.4 kW) can be used for pumping. The remaining limiting factor in this configuration is the limited average gain per pass in the multipass amplifier, which is measured to be G = 1.17, yielding a maximum amplification factor of 118 for the 30 passes. The 375 µJ pulses delivered by the fiber amplification system are amplified to a maximum of 44.5 mJ pulse energy with the full pumping power of 12.4 kW, averaged over all 80 pulses in the burst, leading to an average intra-burst power of 4.45 kW. Due to the burst operation mode, the total average power of the laser system is 35.6 W. The optical to optical extraction efficiency of this operation mode is 21.5%. The envelope of the pulse train at this high pumping power has an asymmetric shape with decreasing pulse energies over the burst. One possibility to establish a flat and stable shape of the pulse train in the burst is by reducing the pump energy to 4 J (3.1 kW pump power), where the seed pulses are amplified to energies of about 25 mJ. The resulting amplification factor is around 67 and all pulses in the burst experience similar amplification. A typical shape of the bursts after the amplification to 25 mJ in the thin-disk amplifier is shown in Fig. 3a . The extraction efficiency in this case is 48.5%. A possibility of additional shaping of the burst can be a modulation of the pump diode current, which will be implemented in future. The output stability of the amplified bursts is measured to be 1.1% rms (Fig. 3b, measured with an Ophir Nova II energy-meter). The spatial profile of the amplified beam is shown in Fig. 3c .
The spectrum of the pulses is gain narrowed to 2.6 nm FWHM (Fig. 4a ) during amplification. The pulses are compressed in a grating compressor with a transmission efficiency of 70%. The resulting autocorrelation trace has a width of 1156 fs FWHM (Fig.  4b) , resulting in a pulse duration of 820 fs assuming a temporal Gaussian beam distribution (measured with a single-shot line autocorrelator). In a second experiment, a seeder with a higher output pulse energy of 5 mJ (Innoslab amplifier) is used. Therefore, a reduced number of passes (10) in the thin-disk amplifier can be set up. The final amplified pulse energy is 24 mJ at full pumping power leading to an amplification factor of 4.8 corresponding to an average single pass gain of G = 1.17. This observed gain is the same as measured in the previous experiment, where the thin-disk amplifier is seeded by the fiber laser. Additionally, the amplification is saturated at the same pump pulse energy as with the fiber seeder, leading to the same shape of the gain curve (see Fig. 2a, blue line) . This approves that ASE can be suppressed with the beveled disk in the thin-disk amplifier. Due to the shorter beam path resulting from the lower number of passes, the stability of the system in this setup is improved to be 0.7% rms in the burst energy, measured over a time period of 15 minutes.
Conclusions
We have demonstrated the amplification of laser pulses from 375 µJ to 44.5 mJ average pulse energy in the burst with a single stage thin-disk multipass amplifier, leading to an amplification factor of around 118. The repetition rate of the pulses was 100 kHz in a 10 Hz burst operation mode with 80 pulses in the burst, resulting in an average burst laser power of 4.45 kW. This is to our knowledge the highest average power achieved at such high repetition rates. In addition, stable operation with a flat burst envelope was shown with reduced pump power and an output pulse energy of 25 mJ per pulse, yielding an amplification factor of around 67. Furthermore, the compression of the pulses to sub-ps pulse durations was demonstrated, which makes the system interesting as OPCPA pump laser, operating the system with a burst energy stability of 1.1% rms.
In a second design, a higher seed pulse energy of 5 mJ was amplified to a maximum pulse energy of 24 mJ, leading to an amplification factor of 4.8. Due to the higher seed energy, the length of the multipass geometry could be significantly reduced, obtaining an improved burst energy stability of 0.7% rms.
Compared to the results from reference [17] , we managed to increase the pulse energy from 2 mJ to 25 mJ at 100 kHz repetition rate using either a fiber seeded or a fiber and Innoslab seeded single stage thin-disk amplifier. The system is capable of stable operation over longer time periods, which makes the laser suitable for long-term operation at the FLASH facility. For the future, we plan to implement a second Innoslab amplifier with 20 mJ output pulse energy. This can be used to seed the thin-disk amplifier to reach pulse energies above 50 mJ with a reduced number of passes on the disk medium, improving the stability of the system. Finally, we have also discussed the problems arising from parasitic ASE in the thin-disk amplification medium. Different approaches have been shown to overcome the ASE problem for extracting the highest possible pulse energies and guarantee stable operation of the amplifier system. Suppression of the ASE was demonstrated by reducing the pump spot diameter and by beveling the boundaries of the thin-disk gain medium.
